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ABSTRACT

We describe a new damage testing approach and instrumentation that provides quantitative measurements of bulk
damage performance versus fluence for several frequencies. A major advantage of this method is that it can
simultaneously provide direct information on pinpoint density and size, and beam obscuration. This allows for more
accurate evaluation of material performance under operational conditions. Protocols for laser conditioning to improve
damage performance can also be easily and rapidly evaluated. This damage testing approach has enabled us to perform
complex experiments toward probing the fundamental mechanisms of damage initiation and conditioning.

1. INTRODUCTION

Laser-induced damage in KDP and DKDP is an important issue in the development of large-aperture laser systems.' So-
called “pinpoint” damage sites arise in these materials at laser intensities at least an order of magnitude below their
expected intrinsic breakdown intensities. A large density of damage pinpoints and/or large-size pinpoints result in beam
obscuration and downstream intensity modulations. Recent results suggest the presence of clusters of intrinsic defects
and/or foreign impurities responsible for localized absorption leading to the formation of damage sites.””

Current damage-testing methods rely on measuring the damage probability as a function of fluence.”'* This method
is most suitable for small optics; however, for ICF class components — where a small amount of damage does not hinder
overall performance — measuring the density and size of damage pinpoints and the resulting beam obscuration is
desirable. In this work, we introduce a new experimental system for off-line assessment of damage performance that
simultaneously provides direct information on pinpoint density and size and resulting beam obscuration. We demonstrate
the feasibility of this approach to reveal basic properties of the material associated with its susceptibility to laser-induced
damage. Specifically, we show preliminary results on the behavior of laser damage performance and laser conditioning
under a wide range of laser parameters.

2. EXPERIMENTAL SETUP

A schematic of the damage testing instrumentation depicting the primary components is shown in Fig. 1. The main laser
source is a pulsed Nd:YAG laser. The fundamental (at 1064 nm), second, and third harmonics of the output are separated
using high reflectivity mirrors selective to each frequency. The average fluence of each beam is adjusted using a
computer controlled waveplate (WP) and a polarizer (POL). The three beams are then aligned to co-propagate on the
main beam path and focused by a 200-mm focal length cylindrical lens to the bulk of the material. The beams focus to a
1/¢* height of 3000 mm and widths of 90 mm, 60 mm, and 40 mm for 1w, 2w and 3w, respectively. In order to focus each
frequency to the same location in the bulk of the crystal, we have positioned galilean telescopes (TS) in each beam line
to adjust their divergence before recombination. The beam spatial profiles are measured using a 0.25 by 0.25 inch® CCD
camera with a pixel resolution of ~ 5 mm.
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Figure 1. Experimental setup of damage performance testing system. A detailed description is provided in the text.

The samples were cut to 1~ 5~ 5 cm’ in size plates and polished on all sides. Bulk damage is produced through the
focal range of the cylindrical lens, ~ 8000 mm. A counter-propagating 632.8-nm beam from a HeNe laser is focused by a
cylindrical lens (f = 250 mm) through the back of the sample to illuminate any resulting damage pinpoints within the
tested volume. Images of the damaged region are captured orthogonally to the direction of propagation of the lasers,
through the side of the sample using a microscope system. Assessment of the damage density is performed using % 2
magnification microscope objective followed by % 5 magnification lens which project an image of the damaged volume
onto the chip of CCD #1. This provides a 4.7 mm by 4.7 mm per pixel resolution. The images capture 5.9 mm in length of
the damaged volume along the direction of propagation of the beam.

To measure the damage pinpoint density and correlate to the laser fluence, images are separated vertically into zones.
The number of pinpoints in each zone is counted and a gaussian fit of the average pinpoint density of each zone is
correlated to the gaussian fluence profile of the damaging pulsed beam. The pinpoint density as a function of fluence is
then extracted. This approach allows for simultaneous measurement of pinpoint density for a range of laser fluences.

To measure the damage pinpoint sizes, the cw HeNe beam used to illuminate the damaged volume is replaced with a
white light source. This is done to eliminate interference effects associated with monochromatic scattering. The % 2
magnification microscope objective is replaced with a % 20 magnification microscope objective to provide 0.47 nm by
0.47 mm per pixel resolution.

The beam obscuration is measured by capturing an image of the propagating beam through the damage volume and
compared to a reference beam. A wedged window situated before the cylindrical lens sends a reference beam along one
path. The beam transmitted through the damaged volume is sent along another path. Both beams are focused directly on
CCD #2 and an image is captured. The integrated pixel intensities of each beam are then calculated. The percent beam
obscuration is calculated by comparing these intensities to those calculated from an image captured before damaging the
bulk. Several images can be averaged before and after damaging the bulk for better statistics. The percent beam
obscuration can then be correlated to pinpoint density, and ultimately a prediction of the percent beam obscuration for
operation at a given fluence can be obtained.



To approximate variable pulse-length, a 50/50 beamsplitter is placed in the path of the beam to send half of each
pulse along an adjustable delay path before recombining with the leading half of the pulse, as shown in Fig. 1. This can
be done independently for each laser frequency. In addition, experiments using two or more frequencies can be
performed. Such experiments can explore damage behavior under simultaneous irradiation at two different frequencies
or at different frequencies and delay times.

3. EXPERIMENTAL RESULTS

To demonstrate the capabilities of our experimental approach, we will present a number of preliminary results depicting
the various aspects of laser-induced damage characteristics in KDP and DKDP crystals. The samples used in this work
were obtained from crystals that were grown both conventionally and using the fast growth method.

3.1. Measuring Pinpoint Density vs. Fluence

Pristine bulk sites in a rapid-growth DKDP crystal were exposed to one pulse at the second harmonic of the Nd:YAG
laser. The pinpoint density versus fluence profile was extracted from images obtained from five sites, each exposed to a
single damaging pulse, following the analysis described in the previous section. Figure 2a shows a fit of the pinpoint
density versus fluence profile. The same plot on semi-log scale in Fig. 2b clearly illustrates the damage threshold fluence
of the material as estimated from the fit to the data.
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Figure 2. a) A polynomial fit of the damage density curve extrapolates to a damage threshold fluence of 10.4 J/cm®. b) Damage
density curve on log scale shows a fluence of 15.0 J/em® corresponding to an obscuration limit of 0.1 % (37 pinpoints per mm®, 4 mm
in diameter), a significant increase in fluence from the damage threshold fluence of 10.4 J/cm?.

3.2. Measuring Beam Obscuration

The beam obscuration was measured by recording ten images of the incident and transmitted beams at sub-damage laser
fluence before and after exposure of the sample to a single high power laser pulse giving rise to formation of damage
pinpoints (see Fig. 3). The damaged volume extended over a range of 5800 pm and contained an average damage
pinpoint density of ~ 5300 pinpoints per mm’. Using the x 20 microscope objective, white light scattering images
revealed the diameter of the damage pinpoints to be 4 + 1 pm. The resulting percent loss of the pulsed beam (excluding
scattering at small angles) was 8.45 £ 0.73 %. This implies that a beam loss of ~ 14.3 % is expected for beam
propagation through 1 cm at the same pinpoint density. Assuming a linear dependence of beam obscuration on the



pinpoint density, a beam loss limit of 0.1 % would correlate to a pinpoint density of ~ 37 pinpoints per mm’. From the
damage density curve shown in Fig. 2b, a density of 37 pinpoints per mm’ is created by a damaging fluence of 15.0
J/em®. This means that operating below 15.0 J/em® will result in safe levels of beam loss for this particular material,
assuming damage pinpoints of 4 mn in diameter.

Figure 3. a) Image of the reference beam (right) b) The subtraction of an image captured after damaging
and obscured beam (left) prior to damaging. from an image captured before damaging shows the
obscuration of the beam from the presence of damage.

3.3. The Effect of Pulse-Length on Damage Pinpoint Sizes

The sizes of damage pinpoints have a big impact on the level of laser beam obscuration. A two pulse experiment using a
6 ns delay between two, same intensity 3w, 3-ns pulses of 10 J/cm® in fluence was performed in KDP to study the
dependence of damage pinpoint size on pulse-length. An image of damage sites formed by the damaging double-pulse is
shown in Fig 4. For comparison, an image of pinpoints resulting from a single 3w, 3-ns pulse is shown in Fig. 5. We
postulate that the second pulse is depositing a large amount of energy on the plasma created at damage sites from the
first pulse giving rise to more severe damage as observed in Fig. 4.

Figure 4. Damage spot created by two 10 J/cm? 3-ns pulses at Figure 5. High-resolution white light scattering image of
3w with the second pulse delayed by 6 ns. Longer pulses result damage pinpoints resulting from a 3-ns, 3w pulse. The
in larger damage spots characteristically longer in one direction. diameters of the pinpoints are 4 £ 1 pm.



3.4. Evaluation of Crystal Inhomogeneity

Crystal inhomogeneity resulting in different damage thresholds and pinpoint densities for the same exposure has been
observed in DKDP. Figure 6 shows an example in which damage testing a site with a single pulse resulted in two very
different damage pinpoint densities within the same imaged area. More specifically, the pinpoint density on the lower left
hand side was about ten times higher than the pinpoint density observed on the upper right hand side of this image. In
general, this image depicts the two different damage behaviors we have seen in samples from the same boule.

Figure 6. An image of damage pinpoints resulting from a single damage testing pulse in pristine material demonstrating material
inhomogeneity.

3.5. Laser Conditioning Effectiveness as a Function of Laser Pre-Exposure Parameters

The ability of this system to provide a rapid quantitative evaluation of damage performance can also be utilized to
investigate the behavior and fundamental mechanisms of laser damage and conditioning. As an example, Fig. 7
demonstrates that laser conditioning is observed as a change in pinpoint density for the same damage testing fluence.
Figure 7a shows an image after exposure to a single damage testing pulse at 13 J/cm?, resulting in ~ 1950 pinpoints per
mm’ at peak laser fluence. Figure 7b shows an image of a different site after exposure to eight pulses at 7 J/cm® for
conditioning resulting in ~ 110 damage pinpoints per mm’ at peak fluence. Figure 7c shows an image of the same site
(pre-exposed to eight pulses at 7 J/cm®) following exposure to a single damage testing pulse at 13 J/cm®. Both pre-
exposure and damage testing result in a total pinpoint density of ~ 230 pinpoints per mm’ at peak laser fluence,
significantly less than the ~ 1950 pinpoints per mm”® from damage testing at 13 J/cm* without pre-exposure.

Preliminary studies on the effectiveness of conditioning as a function of laser pre-exposure parameters were
performed using three methods. More specifically, we measured the resulting damage density following pre-exposure a)
using ramped fluence, b) with various fluences for same number of pulses, and c¢) with various numbers of pre-exposure
pulses for same fluence. These measurements were performed for damage testing and pre-exposure at 2w and 3w. These
methods and experimental results are discussed in more detail below.



Figure. 7. Scatter images of pinpoint damage sites resulting from exposure to a) one pulse at 13 J/em?, b) ten pre-exposure pulses at 7
J/em? at a new site, and c) one pulse at 13 J/cm? after pre-exposure to ten pulses at 7 J/om®. The image sizes are 1.4 mm X 5.9 mm.

3.5.1. Ramped-pre-exposure method

Ramped-fluence pre-exposure was used as a method to reveal optimal improvement to the damage performance at the
four combinations of damage testing and pre-exposure at 2w and 3w. A pristine (previously unexposed) volume of bulk
material was irradiated with ramping fluence in 1 J/cm® increments, with ten pulses at each fluence increment. The
fluence started at 1 J/em® and was ramped up to the highest fluence at which no damage would be observed using the
CCD camera, approximately 9 J/cm? at 3w and 17 J/cm® at 2w. Due to fluctuations of the energy within each pulse, the
highest average fluence reached during ramping was generally around 2 J/cm® below the damage threshold fluence at
each frequency. Sites within the ramp-pre-exposed volume were then exposed to single damage testing pulses at various
fluences and images of the resulting damage were captured for analysis. The damage pinpoint density was measured over
a region of 338 mm in width, representing the region of the crystal exposed only to peak laser fluence to within 5 %,
which corresponds to a volume of ~ 0.1 mm”’. The pinpoint density was then plotted versus the peak damaging fluence.

Figure 8 shows the profiles of damage pinpoint density as a function of fluence for damage testing at 2w and 3w.
These profiles demonstrate the damage performance of a DKDP sample without pre-exposure and with pre-exposure
using the ramped pre-exposure method. The plots are on a semi-log scale to better show the fluence of damage onset for
each experiment. The pinpoint density profiles obtained under 2w damage testing are shown in Fig. 8a. The damage
threshold of the unconditioned material is found to be ~ 12 J/cm®. The results indicate that pre-exposure at 3w increased



the damage threshold to approximately ~ 16 J/cm® while pre-exposure at 2w increased the damage threshold to ~ 19
J/em®. The pinpoint density profiles obtained under 355-nm damage testing are shown in Fig. 8b. These results show that
pre-exposure at 3w increased the damage threshold to above ~ 12 J/cm® from ~ 6 J/cm® in the pristine material. Pre-
exposure at 2w results in a much smaller increase in the 3w damage threshold to ~ 8 J/cm®. However, in both cases, the
damage performance of the pre-exposed material begins to converge with that of the pristine material upon further
increase in fluence.
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Figure 8. a) 2w and b) 3w damage density profiles for a KDP crystal sample on semi-log scale. B = unconditioned, © = pre-exposed
to 2w, A = pre-exposed to 3w. The fluences for which no damage was observed are indicated by the arrow.

The results using the ramped pre-exposure method show the optimal level of improvement to the damage
performance that may be achieved in KDP and DKDP crystals using the same laser pulse-length for damage and pre-
exposure.'” Damage testing at 3w indicated that pre-exposure at 2w provides very little improvement while, in contrast,
pre-exposure at 3w shows significant improvement. Damage testing at 2w demonstrated a significant improvement under
pre-exposure to both, 2w and 3w pulses. However, pre-exposure to 2w pulses provides best conditioning for 2w
operation as shown in Fig. 8a.

3.5.2. Variable fluence pre-exposure method

The dependence of conditioning on pre-exposure fluence was measured at combinations of damage testing and pre-
exposure at 2w and 3w. Pristine bulk sites were exposed first to ten pulses at constant fluence and then to a single higher
fluence damaging pulse. The fluence of the damaging pulse remained the same while the fluence of the ten pre-exposure
pulses was varied from site to site. Images were recorded prior to and after irradiation at a high fluence. The analysis of
the resulting damage pinpoint density used the same technique described above for ramp-pre-exposure method.
Following the damage testing pulse, only the pinpoint density at peak fluence is plotted versus the peak pre-exposure
fluence.

Figure 9 shows profiles of the damage pinpoint density resulting from a single damage testing pulse at 20 J/cm® at 2w
(in Fig. 9a) and 16 J/cm® at 3w (in Fig. 9b) following pre-exposure to ten pulses at the fluence displayed on the
horizontal axis. The open and solid circle data points indicate pre-exposure to 3w and 2w, respectively. Figure 9a
demonstrates a linear decrease in the pinpoint density resulting from exposure to 20 J/cm® at 2w with increase in the pre-
exposure fluence. This is the case for pre-exposure at both 2w and 3w with the latter providing a greater level of



conditioning at lower fluences. Figure 9b indicates that pre-exposure at any fluence within the tested range of fluences at
2w did not improve the damage performance for testing at 3w. Conversely, pre-exposure at 3w shows a threshold fluence
for conditioning. The pre-exposure fluence wherein the threshold for conditioning occurs is just below the damage
threshold fluence of the unconditioned material (~ 7 J/cm?).
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Figure 9. The damage pinpoint density resulting from a) 20 J/cm?” at 2w and b) 16 J/cm® at 3w versus pre-exposure fluence (© = pre-
exposed to 3w, ® = pre-exposed to 2w) in DKDP.

3.5.3. Pre-exposure with different number of pulses

The behavior of conditioning as a function of the number of conditioning pulses was investigated for damage testing and
pre-exposure at both, 2w and 3w. Pristine sites were exposed to a varying number of pulses (between 1 and 1024,
multiples of 4) at fixed fluence and then damage tested with a single pulse at fixed fluence. Images were again captured
prior to and after damage testing and the total peak pinpoint density resulting from both damage testing and pre-
exposure, as well as the peak pinpoint density resulting from pre-exposure only, was plotted versus the number of pre-
exposure pulses. In each damage testing and pre-exposure frequency configurations the experiment was performed at
least twice at different fixed pre-exposure fluences.

Figure 10 shows histograms of the pinpoint density resulting from damage testing at 35 J/cm” at 2w and pre-exposure
at 13 J/cm® at 2w (shown in Fig. 10a) and damage testing at 17 J/cm® at 3w and pre-exposure at 10 J/cm” at 3w (shown in
Fig. 10b) as a function of the number of pre-exposure pulses. The dark gray bars indicate the peak pinpoint density
resulting from pre-exposure only while the lighter gray bars indicate the total peak pinpoint density resulting from both
damage testing and pre-exposure. In both cases, as the number of pre-exposure pulses increases there is a continual
steady decrease in the pinpoint density. The data suggests that the first few pulses are the most effective in providing
most of the conditioning observed for each fluence.
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Figure 10: Damage testing at 35 J/cm? at 2w and pre-exposure at 13 J/em® at 2w (a) and damage testing at 17 J/cm” at 3w and pre-
exposure at 10 J/em? at 3w (b) in bulk DKDP as a function of the number of pre-exposure pulses (on log-scale). ll and M represent
the pinpoint density resulting from pre-exposure only and both pre-exposure and damage testing, respectively.

3.6. Damage Effects Resulting from Simultaneous 2w and 3w Irradiation

In order to approximate the conditions taking place during frequency conversion, preliminary experiments on the damage
effects resulting from multi-frequency irradiation were also performed. Damage testing under simultaneous exposure to
2w and 3w was investigated as a function of fluence. Pristine bulk sites were simultaneously irradiated with 2w and 3w
pulses and images of the resulting damage were recorded. In this experiment, the total number of pinpoints arising from
the damage testing pulse was counted and the pinpoint density was calculated. In the first case, the 2w fluence was held
constant at 15 J/cm® while the 3w fluence was increased in 5-J/cm? steps from 0 to 20 J/em?, while, in the second case,
the 3w fluence was held constant at 15 J/cm? while the 2w fluence was increased in 5-J/cm® steps from 0 to 20 J/cm?®.
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Figure 11. Plots of the pinpoint density versus 2w fluence with 3w fluence held constant at 15 J/em® (left) and 3w fluence with 2w
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shown for comparison (open triangles).



The damage pinpoint densities resulting from the combined 2w and 3w pulses, for both cases described above, are
shown in Fig. 11. The damage pinpoint density resulting from separate 2w and 3w exposure is also shown for
comparison. In both cases, we find that the damage effects at one frequency are enhanced by the presence of the constant
fluence at the second frequency. This suggests that the presence of both frequencies during conversion can contribute to
enhanced damage effects and hence needs to be considered.

4. SUMMARY AND FUTURE WORK

This system exceeds current testing systems performance by incorporating quantitative damage measurements on
pinpoint size and density and resulting obscuration as a function of fluence. Current damage testing systems furnish
damage probability versus fluence profiles which require complex processing to correlate to operational conditions and
extrapolate if a material meets specifications. In addition to measuring the damage threshold fluence, this system
measures the amount of damage versus fluence to provide direct information on the expected damage density for
operation at a given fluence. The high-resolution damage detection capabilities and data analysis method enable rapid
characterization of materials using very little material volume.

We have also demonstrated the ability of the system to rapidly evaluate laser conditioning protocols therefore making
feasible future investigations into the effects of varying laser parameters such as frequency, fluence, number of pulses,
and pulse-length. The ease in simulating online conditions such as frequency generation is also shown and we find that
the damage effects under multi-frequency exposure are considerable.

We are in the process of carrying out experiments that examine the conditioning mechanism in KDP and DKDP
crystals by studying their damage behavior as a function of the pre-exposure fluence and the number of pre-exposure
pulses, for damage testing and pre-exposure at all combinations of harmonics of the Nd:YAG laser. The damage effects
under multi-frequency simultaneous exposure are also being further investigated at variable fluences of the individual
frequencies. This will provide detailed information on the expected level of damage arising during harmonic generation
in KDP and DKDP frequency doublers and triplers in large-aperture laser systems. The fluence-frequency dependence of
the pinpoint density resulting from various multi-frequency fluence combinations will be useful in testing different
models for damage initiation. Pump-and-probe experiments will also provide insight into fundamental mechanisms.
Finally, we also plan to incorporate into this system a tunable laser to examine laser damage and conditioning for a wide
range of photon energies. The dependence of conditioning on both laser pulse-length'” and photon energy is essential for
the understanding of the fundamental mechanisms of laser damage and conditioning.

It is evident that laser conditioning will improve the performance of materials but it will not eradicate the problem of
laser-induced damage. Thus, an effort to identify the damage initiators is required so that a method to remove them from
the crystal can be devised. Our experimental approach will help obtain detailed experimental results based on which will
physical models can be developed and will lead to a fundamental understanding of the behavior and characteristics of the
damage initiators.
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